The Really Interesting New Gene (RING) Finger protein 11 (RNF11) is a subunit of the A20 ubiquitin-editing complex that ensures the transient nature of inflammatory responses. Although the role of RNF11 as a negative regulator of NF-jB signalling is well-documented, the molecular mechanisms that underpin this function are poorly understood. Here, we show that RNF11 binds both Ubc13 and the Ubc13~ubiquitin conjugate tightly and with similar affinity, but has minimal E3 ligase activity. Remarkably, RNF11 appears to bind Ubc13 so tightly that it outcompetes the E1 and an active E3 ligase. As a consequence, RNF11 may regulate the activity of E3s that rely on Ubc13 for ubiquitin chain assembly by limiting the availability of Ubc13 and its conjugate.
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Keywords: RING; RNF11; TRAF6; Ubc13; Ubiquitin Signalling pathways often rely on the post-translational modification of proteins to promulgate a signal [1] . One important modification that regulates many signalling pathways is the attachment of ubiquitin. Protein ubiquitylation requires the sequential action of three enzymes: an E1 ubiquitin-activating enzyme (E1), an E2 ubiquitin-conjugating enzyme (E2), and an E3 ubiquitin-protein ligase (E3) [2] . The majority of E3s contain a RING domain that brings together an E2 and a substrate protein, promoting direct transfer of ubiquitin from the E2 to a lysine in the substrate [3] . Because cells have~30 E2s, but several hundred E3s, most E2s interact with many E3s and are required for the attachment of ubiquitin chains to numerous substrates. For example, the E2 Ubc13 builds Lysine 63 (Lys63)-linked chains together with many different RING E3s.
The importance of E2 recruitment and the timely assembly of different types of polyubiquitin (polyUb) chains can be seen in the exquisite regulation of inflammatory signalling pathways [4] [5] [6] . Engagement of Toll-Like Receptors (TLRs) promotes recruitment of the E3 ligase TNF Receptor-Associated Factor 6 (TRAF6) to the signalling complex. Together with the Ubc13-Uev1A E2 complex, TRAF6 exclusively builds Lys63-linked chains on components of the TLR complex. These chains serve as a recruitment platform for the linear ubiquitin chain assembly complex (LUBAC) E3 ligase complex. Together with the E2, UbcH7, LUBAC builds Met1-linked chains, and these promote efficient recruitment of several kinase complexes that have ubiquitin-binding domains (UBDs) [7, 8] . A cascade of phosphorylation events ensues that eventually culminates in the activation of the Nuclear Factor jB (NF-jB) family of transcription factors, resulting in up-regulation of proinflammatory genes [4] [5] [6] .
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Disassembly of ubiquitin chains by deubiquitinases (DUBs) [9] , such as CYLD, OTULIN and A20, turn off pathways that activate NF-jB and prevent excessive inflammation [4] [5] [6] . DUBs are often associated with E3 ligases to limit the extent of substrate ubiquitylation. For example, OTULIN associates with LUBAC [10, 11] , while CYLD and A20 associate with the E3 ligases ITCH and RNF11 [12] [13] [14] . Previous reports have shown that A20, ITCH and RNF11, together with an adaptor protein TAX1BP1 play nonredundant roles in termination of NF-jB signalling [13, 14] . The roles of CYLD, A20 and ITCH in NF-jB signalling are well established [14] [15] [16] [17] [18] , but the mechanism employed by RNF11 to terminate inflammatory signalling pathways remains poorly understood. Notably, even though the RING domain is presumed to confer E3 ligase activity on RNF11, knockdown of RNF11 in cells leads to an increase in the levels of polyUb chains [13] . Therefore, it is not clear whether RNF11 is an active E3 ligase.
In this study, we have characterized the E3 ligase activity of RNF11. Our analyses show that the RING domain binds Ubc13 and Ubc13~Ub relatively tightly, but RNF11 has minimal E3 ligase activity and does not efficiently promote polyUb chain synthesis. Furthermore, RNF11 impeded TRAF6-catalysed chain formation by binding to Ubc13 and preventing charging by the E1. We suggest that RNF11 has the capacity to negatively regulate NF-jB signalling by modulating the availability of Ubc13 for other E3 ligases.
Materials and methods

Construct and mutagenesis
The open reading frame of human RNF11 (GenBank accession number: AB024703) and TRAF6 (GenBank accession number: U78798.1) were purchased from AddGene (www.addgene.org). Constructs for expression of RNF11 in Escherichia coli were generated by cloning full-length RNF11 (RNF11 FL ), and a truncation mutant (encompassing the UIM and RING domain, residues 63-154, RNF11 RING ) into pGEX-6P-3 (GE Healthcare Bio-Sciences (NZ), Auckland, New Zealand). As a result of cloning, following cleavage of the GST-tag with PreScission protease, the proteins possess five additional N-terminal residues, GPLGS. The RING and ZF1-3 domains (residues 50-211) of TRAF6 were cloned into pET21d using NcoI and XhoI to generate a C-terminal His 6 -tagged protein TRAF6 RZ3 .
All point mutations were introduced using one-step sitedirected mutagenesis [19] . 4°C in the presence of 1 mM TCEP. The GST-Ubc13 and GST-Uev1A were expressed and purified separately using glutathione affinity chromatography. Following removal of the GST-tag, untagged Ubc13 and Uev1A were combined and incubated on ice for 1 h. The Ubc13-Uev1A complex was then purified using a Superdex 75 16/60 column (GE Healthcare) pre-equilibrated in PBS. To minimize auto-ubiquitylation, a Ubc13 mutant harbouring a K92R mutation was used in all assays [20] . His 6 -tagged E1 enzyme (UBE1) and UbcH7 were purified using Ni 2+ -nitrilotriacetic acid affinity, anion exchange and gel filtration chromatography. A stable isopeptidelinked Ubc13~Ub conjugate mimic (Ubc13 K~U b) was prepared following previously described protocols [21] . For this, in addition to the active site C87K mutation in Ubc13, two further mutations (K92T and K94Q) were introduced [22, 23] . Fluorescently tagged ubiquitin, and the GST-cIAP UBA domain fusion were prepared as previously described [23, 24] .
Protein expression and purification
Circular dichroism (CD) spectroscopy
Far-UV CD spectra were recorded between 190 and 260 nm at 2-nm intervals using an Olis DCM-10 CD spectrophotometer. The integration time was set as a function of high voltage. Measurements of dialysed protein samples (between 12.5 and 30 lM) in 20 mM Na Phosphate, 50 mM NaCl, pH 7.4 were recorded at 20°C. Spectra from three measurements were averaged and converted to mean residue ellipticity.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) measurements were performed using a VP-ITC (MicroCal) at 26°C. All proteins were dialysed into a single stock of 20 mM Tris-HCl pH 7.5, 150 mM NaCl. Wild-type Ubc13 or Ubc13 K~U b (200-210 lM) was injected in 10-lL aliquots into a 1.4 mL solution of RNF11 RING (43 lM) in the sample cell. The data were analysed using Origin 7 and fit to a single site-binding model.
Size-exclusion chromatography coupled with Multiangle Laser Light Scattering (SEC-MALLS)
Pure RNF11 RING was analysed at a concentration of 300 lM, while for analysis of the complexes 25 lM samples were used. All samples were loaded using a flow rate of 0.5 mLÁmin 
Pull-down assays
Immobilized GST-fused proteins were incubated with soluble proteins at a final concentration of 5 lM. For competitive pull-down assays, 5 lM of Ubc13 or Ubc13 K~U b
was incubated with immobilized GST-Uev1A with or without 5 lM of TRAF6 RZ3 and/or RNF11 RING . All reaction mixtures were diluted to 200 lL with PBS + 0.2% Tween 20 + 1 mM DTT, and incubated for 1 h at 4°C with constant rotation. The mixtures were then washed with the same buffer before the volume was reduced to 20 lL and SDS/PAGE sample buffer was added. Samples were resolved using 16% SDS/PAGE gels and visualized by Coomassie blue staining or immunoblotting using anti-ubiquitin antibody (Boston Biochem, Boston, MA, USA). 
Activity assays
Results
RNF11 contains a stable monomeric RING domain
RNF11 is a conserved membrane-anchored 154-residue protein, which harbours an N-terminal acylation motif, two DxxLL motifs that mediate endosomal sorting, a WW domain-binding PPxY motif, a ubiquitin-interacting motif (UIM)-like motif and a C-terminal RING domain [26] [27] [28] (Fig. 1A) . Sequence analyses using disorder prediction software suggest that RNF11 is likely to be highly unstructured except for the C-terminal RING domain (Fig. S1A ). We expressed and purified full-length RNF11 (RNF11 FL ), as well as a truncated mutant containing the UIM-like sequence and the RING domain (residues 63-154, RNF11 RING ) (Fig. 1A-B) . When analysed using circular dichroism spectroscopy (CD), RNF11 RING appeared to be well ordered (Fig. 1C) . In contrast, a large negative signal between 190 and 210 nm in the CD spectrum of RNF11 FL suggested it contained disordered residues (Fig. 1C) . Although RING E3s often form stable dimers [29, 30] , both RNF11 FL and RNF11
RING were found to be monomeric by SEC-MALLS (Fig. 1D, Fig. S1B ). Together this analysis suggested that the RING domain of RNF11 is a stable folded monomeric protein, whereas the fulllength protein contains regions of disorder in the absence of binding partners.
RNF11 binds to Ubc13 and Ubc13~Ub
Assembly of ubiquitin chains by RING E3s requires their interaction with E2~Ub conjugates. Most RINGs interact with a few E2s to assemble ubiquitin chains of defined linkages. Previous reports suggested that RNF11 bound to Ubc13 and UbcH5b, but not UbcH7 [31, 32] . Consistent with these studies, GST-tagged RNF11 bound to Ubc13 and UbcH5b, but not UbcH7 (Fig. S1C-E, Fig. 2A ). Interaction with Ubc13 appeared to be of higher affinity and to depend on the canonical E2-binding interface of the RING domain [30] since mutations at this interface (I101A or W129A) impaired binding ( Fig. 2A) . Consistent with this SEC-MALLS analysis showed that a 1 : 1 Ubc13-RNF11 RING complex formed (Fig. 2B ). Not only did RNF11 RING bind Ubc13 tightly but pull-down experiments also suggested that it bound the Ubc13~Ub conjugate with comparable affinity (Fig. 2C) . Indeed, using ITC, a dissociation constant (K D ) of 0.92 lM was obtained for both the RNF11 RING -Ubc13 (Fig. 2D ) and the RNF11 RINGUbc13~Ub conjugate interaction (Fig. 2E) . This suggested that unlike most RINGs, RNF11 does not preferentially bind Ubc13~Ub. Furthermore, because the RNF11 RING protein used for these experiments contained the UIM domain it seemed unlikely that the UIM bound ubiquitin tightly. In support of this, GSTtagged RNF11 RING did not pull down free ubiquitin or Lys63-linked polyubiquitin chains (Fig. 2C,  Fig. S2A ). In contrast, a GST-cIAP UBA domain fusion [24] efficiently pulled down the chains (Fig. S2A) . The UIM in RNF11 differs from many well-characterized ubiquitin-binding UIMs and this may account for the weak interaction (Fig. S2B) . Together these results show that RNF11 does not preferentially bind the Ubc13~Ub conjugate and that the UIM does not appear to bind ubiquitin tightly.
RNF11 does not efficiently promote assembly of ubiquitin chains
Most E3s that bind E2s synthesize ubiquitin chains, and we evaluated the chain building activity of RNF11. Purified RNF11 RING was incubated with ATP, E1, the Ubc13-Uev1A complex and ubiquitin in multiturnover assays (Fig. 3A) . A TRAF6 protein containing the N-terminal RING domain and the first three zinc finger domains (TRAF6 RZ3 ) was used as a positive control [23, 33] . In contrast to TRAF6, which efficiently promoted assembly of polyUb chains, RNF11 RING did not enhance chain synthesis. Instead it appeared that in the presence of RNF11 the abundance of higher molecular weight chains was diminished compared to the no E3 control (Fig. 3A) . Indeed, at a higher concentration of RNF11 RING , assembly of K63-linked chains was further inhibited (Fig. S3A) .
Active RING E3 ligases often bind to the E2~Ub more tightly than to uncharged E2s because the RING domain interacts with the E2 and ubiquitin [30] . These interactions destabilize the thioester bond connecting the E2 and ubiquitin, priming it for nucleophilic attack by an incoming amino group [3, 34] . To further assess the activity of RNF11, purified thioester-linked Ubc13~Ub conjugate was incubated with RNF11 RING or TRAF6 RZ3 in the presence of free L-Lys, and the stability of the conjugate was monitored. As expected, TRAF6
RZ3 promoted efficient discharge of Ubc13~Ub, whereas RNF11
RING did not (Fig. 3B) . Because RNF11 also binds to the E2, UbcH5b, we also assessed the ability of RNF11 to enhance UbcH5b-dependent ubiquitylation. Minimal activity was observed after prolonged incubation (Fig. S3B) . Together our data suggest that the RING domain of RNF11 is an inefficient E3 ligase.
RNF11 impairs Ubc13 charging by the E1
Previous reports have shown that knockdown of RNF11 increased the levels of TRAF6 Lys63-linked polyubiquitylation [13] . Because RNF11 binds to Ubc13 tightly we wondered if RNF11 impeded K63-linked chain synthesis by TRAF6. To test this hypothesis, increasing amounts of RNF11 RING were added to reactions that contained TRAF6 RZ3 and Ubc13-Uev1A (Fig. 4A) . Remarkably, the level of polyUb chain synthesis was decreased as the concentration of RNF11 RING increased, and at high concentration of RNF11, the chain abundance was less than for Ubc13-Uev1A alone (Fig. 4A) . This suggested that RNF11 inhibits Lys63-linked polyUb chain assembly by TRAF6.
Inhibition of ubiquitin chain assembly in multiturnover assays could be due to RNF11 blocking activation of the E1, preventing Ubc13 charging by the E1 and/or sequestration of Ubc13. We found the presence of RNF11
RING had no effect on E1 charging (Fig. 4B) . We then monitored charging of Ubc13 in the presence of RNF11 (Fig. 4C) . As the concentration of RNF11 was increased, the amount of charged Ubc13 decreased. Because RNF11 does not destabilize the thioester conjugate (Fig. 3B) , the inhibition of Ubc13~Ub thioester conjugate formation suggested that RNF11 impeded charging. We also characterized the ability of TRAF6 to bind Ubc13 and its conjugate in the presence of RNF11. A pull-down approach was employed, whereby immobilized GST-Uev1A was used to pull down Ubc13 or Ubc13 K~U b as well as the RING E3s (Fig. 4D, Fig. S3C ). GST-Uev1A pulled down Ubc13 and Ubc13 K~U b with equal efficiency, and TRAF6 RZ3 or RNF11 RING were retained by the Uev1a-Ubc13 complexes when added alone. However, in a competitive setting where both TRAF6 and RNF11 were added, TRAF6 was no longer retained (Fig. 4D) . This indicated that Ubc13 and Ubc13 K~U b preferentially bound RNF11.
Taken together, our results demonstrate that RNF11 can sequester Ubc13, preventing it from being charged by the E1 and from interacting with other E3 ligases, such as TRAF6. As a result, RNF11 can effectively impede synthesis of Lys63-linked chains.
Discussion
RNF11 contains a RING domain that is presumed to assemble ubiquitin chains. In the present study, we show that while RNF11 binds to E2 enzymes it does not preferentially bind the conjugate (Fig. 2C-E) and does not promote assembly of ubiquitin chains. Furthermore, we show that TRAF6-catalysed chain assembly was inhibited by RNF11 (Fig. 4A) because RNF11 sequesters Ubc13. By sequestering the E2, RNF11 can prevent E2s from being charged by the E1 and from interacting with other E3s (Fig. 4B-D) . Together these data suggest that RNF11 can efficiently modulate assembly of ubiquitin chains by other E3 ligases. Attachment of ubiquitin to target proteins requires the sequential action of the E1, E2 and E3 proteins. The hierarchical activity of these enzymes serves to identify a target protein and to catalyse ubiquitin conjugation. In humans, the family of~35 E2s works together with a large number of E3s (> 500) to modify proteins with ubiquitin. Although a few E2s are dedicated to specific E3s, the majority are thought to work together with many E3s. This means that in a cellular setting, multiple E3s must compete for the same E2. E2 recruitment by E3s is not well understood, but it is likely that multiple factors are important, including localization of E2s and their affinity for each E3. Here, we suggest that the RING domain, which is well known to interact with E2s and promote assembly of ubiquitin chains, also has the potential to inhibit chain assembly.
The absence of preferential binding for Ubc13~Ub conjugates by RNF11 is unusual and contrasts with most other active RING E3 ligases [34] . Typically, active RING-E3s show 10-100 times greater affinity for the E2~Ub vs. E2 alone. For example, the dimeric BIRC7 and monomeric RNF38 bind the E2 UbcH5 with K D 's of 300 and 89 lM, respectively, whereas their affinities for the conjugates range between 5 and 0.9 lM [35, 36] . Not only does RNF11 show no preference for the conjugate, but it also binds Ubc13 quite tightly. The molecular basis for this is uncertain, but could be due to more favourable E2-RING contacts, as suggested by a previous molecular model of an RNF11-E2 complex [31] . In this model, Trp129 and Phe134 of RNF11 form a hydrophobic pocket with Met64 of Ubc13. TRAF6 lacks the Trp residue (Fig. S4A) and it is possible this contributes to the weaker interaction with Ubc13. Analysis of the dynamics will also be important as there are many other sequence differences in the RING domains of TRAF6 and RNF11, and these might influence Ubc13 recruitment.
Inactive RING domains are well known and often form heterodimers with an active RING subunit. Examples of these include MDMX (which associates with MDM2) [37] , Bmi1 (which associates with Ring1b) [38] and BARD1 (which associates with BRCA1) [39] . However, these inactive RING domains do not bind E2 enzymes [40] [41] [42] . Instead, the RING domain of RNF11 seems more like the RING1 domain of RBR E3s, as both domains bind the E2~Ub tightly, but do not promote assembly of ubiquitin chains. In the case of the RING1 domain of RBR E3s, the E2~Ub is stabilized in an open conformation to promote transfer of ubiquitin to the active site Cys of the RBR. This preference for open E2~Ub is likely due to an insertion in the last zinc-binding ligand loop, as well as the absence of a linchpin arginine, which is a conserved side-chain that stabilizes the closed conformation to facilitate catalysis [43, 44] . Like RING1, RNF11 lacks the linchpin arginine (Fig. S4B) and it may well be that other RINGs that bind E2s, but lack this essential residue, can also modulate ubiquitylation in unexpected ways.
A number of studies have highlighted the important roles of RNF11 in negatively regulating NF-jB and inflammatory pathways, and its deregulation contributes to development of cancer and neurodegenerative diseases [13, 27, 45, 46] . Lys63-linked polyUb chains, which are thought to depend on Ubc13 for their assembly, are an important recruitment platform in the early events of inflammatory signalling [4, 7] . Given that RNF11 associates tightly with Ubc13 and can impede chain synthesis in vitro, it will be interesting to determine if RNF11 can also restrict the level of Ubc13-dependent polyUb chain assembly in the cell. Detailed analysis of the A20-containing complexes that contain different forms of RNF11 may be informative because previously recruitment of Ubc13 by TRAF6 has been shown to be influenced by this complex [14, 47] . In addition, given the propensity of RNF11 to recycle through endosomal compartments [28, 48] , it is possible that the subcellular localization of Ubc13 is regulated through interaction with RNF11. Therefore, in addition to ubiquitin-editing activity and inhibition of kinase binding to Met1-linked chains, the A20-containing complex may achieve rapid and efficient termination of NF-jB signalling pathways by employing RNF11-dependent Ubc13 sequestration.
Numerous reports have indicated a link between RNF11 and the regulation of HECT E3 ligases [13, 27, 28, 32, 48] . However, the role of RNF11 appears to vary, with RNF11 reported to enhance ubiquitylation in some contexts [32] , but inhibit substrate ubiquitylation in other settings [48] . In addition, a recent study suggests that RNF11 can sequester Smurf2 and suppress its activity, while an E2-interface mutant of RNF11 cannot [49] . These studies highlight the uncertainty around how RNF11 modulates protein ubiquitylation. Appreciation that RNF11 may not be an active E3 ligase, but instead has the capacity to modulate chain formation by sequestering E2s, expands our understanding of the intricate regulation of ubiquitylation [34, 50] and is likely to help unravel the mechanisms by which RNF11 regulates cellular processes.
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